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Who has seen the wind?
Neither | nor you.

But when the leaves hang trembling
The wind is passing through.

Who has seen the wind?
Neither you nor I.
But when the trees bow down their heads
The wind is passing by.
by Christina Rossetti, 1830-1894
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Composition of the Universe

The Higgs particle has been discovered, the last piece of the Standard Model.

But as successful as it has been, the Standard Model describes only 5% of the
universe. The remaining 95% is in the form of dark energy and dark matter,
whose fundamental nature is almost completely unknown.

Universe content

visible matter 5%
e e i

dark matter 27%

dark energy 68%

Image: X-ray: NASA/CXC/CfA/M.Markevitch et al.; www.quantumdiaries.org
Optical: NASA/STScl; Magellan/U.Arizona/D.Clowe et al.;
Lensing Map: NASA/STScl; ESO WFI; Magellan/U.Arizona/D.Clowe et al.
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Evidence for Dark Matter

Galaxy rotation curves The cosmic microwave background

4 -

Velocity
ﬁ&

www.quantumdiaries.org

Distance

Image: ESA and the Planck collaboration

Gravitational lensing

27% of the energy composition of the universe
Properties:

Stable and electrically neutral

Non-baryonic

Non-relativistic
Estimated local density: 0.3+0.1GeV-cm™3
Candidates: WIMPs, axions, dark photons,...

Colley, Turner, Tyson, and NASA
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Evidence for Dark Matter

Nucleosynthesis determines the density of baryons at early times; the amount
of baryonic matter required is far smaller than the total quantity of matter.

Baryon density Qgh?
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Weakly Interacting Massive Particles (WIMPs)

A new particle that only very weakly interacts with ordinary matter
could form Cold Dark Matter

- Formed in massive amounts in the Big Bang.
- Non-relativistic freeze-out. Decouples from ordinary matter.
- Would exist today at densities of about 1000/m3.

Supersymmetry provides a natural candidate — the neutralino.
- Lowest mass superposition of photino, zino, higgsino

- Mass range from the proton mass to thousands of times the proton mass.

- Wide range of cross-sections with ordinary matter, from 104° to 10~° cm?.

- Charge neutral and stable!

Universal Extra Dimensions: predicts stable Kaluza-Klein (KK) particles
- Similar direct detection properties as neutralino
- Distinguishable from neutralinos at accelerators
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A dark matter halo surrounds and fills every galaxy,
including the Milky Way

Density at Earth: ~ 300 m, o, / liter
If my,up = 100 GeV, then 3 WIMPs / liter (!)
Typical orbital velocity = 230 km/sec
e =1/1000 speed of light
deBroglie wavelength is larger than nucleus:
e coherentscalar scattering on ordinary
nuclear matter
e cross section ™ A?
Rate << 1 event/kg/(1000 days)

direct
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WIMP Direct Detection

Look for anomalous nuclear recoils in a low-background detector.
R=Np<ov>. From<v>=220km/s, get order of 10 keV deposited.

1

- Isothermal halo |
L V=220 km/s, vg=240 km/s, - 2
[ 1...=600 kmis, p,=0.3 Gevicziem®  MIX=100 GeV/c

c,,s1 = 109 pb (1045 cm?)

Requirements:
*Low radioactivity .
*Low energy threshold

*Gamma ray rejection 0.01 e QN

*Scalability

integral rate, counts/kg/year

*Deep underground laboratory oo

60 80 100
threshold recoil energy, keV
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The Noble Liquid Revolution

Noble liquids are relatively inexpensive, easy to obtain, and dense.

Easily purified
- low reactivity
- Impurities freeze out
- low surface binding
- purification easiest for lighter noble liquids

lonization electrons may be drifted through the heavier noble liquids

Very high scintillation yields
- noble liquids do not absorb their own scintillation
- 30,000 to 40,000 photons/MeV
- modest quenching factors for nuclear recoils

Easy construction of large, homogeneous detectors
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Liquified Noble Gases: Basic Properties

Dense and homogeneous
Do not attach electrons, heavier noble gases give high electron mobility
Easy to purify (especially lighter noble gases)
Inert, not flammable, very good dielectrics
Bright scintillators

Liquid Boiling point Electron Scintillation  Scintillation Long-lived Triplet molecule
density  at 1 bar mobility ~ wavelength yield radioactive lifetime
(g/cc) (K) (cm?/Vs) (nm) (photons/MeV) isotopes (us)

LHe 0.145 4.2 low 80 19,000 none 13,000,000

LNe 1.2 27.1 low 78 30,000 none 15

LAr 1.4 87.3 400 125 40,000 3nr, 42pr 1.6

LKr 2.4 120 1200 150 25,000 8lkr, 85r 0.09

L Xe 3.0 165 2200 175 42,000 136xe 0.03

D. McKinsey
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The LUX Collaboration
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WIMP Cross-section Limits in 2013

parCDMS Scudan CDMS-lite
SuperCDMS Scudan Low Threshold

XENON 10 52 (2013)
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(Green ovals) Asymmetric DM

(Violet oval) Magnetic DM

(Blue oval) Extra dimensions

(Red circle) SUSY MSSM

A MSSM: Pure Higgsino

9 @ MssMm: A funnel
& MSSM: Bino-stop coannihilation
W MSSM: Bino-squark coannihilation
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Two-phase Xenon WIMP Detectors

Z positionfrom S1 —S2 timing

X-Y positions from S2 light pattern s
Excellent 3D imaging (Ymm resolution) 82

- eliminates edge events

- rejects multiple scatters
Gamma ray, neutron backgrounds
reduced by self-shielding |

Drift time
Particle - indicates depth
Lo

Reject gammas, betas by charge (S2) to

light (S1) ratio. Expect > 99.5% rejection.

——p jonization electrons
NN UV scintillation photons (~175 nm)
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Ordinary radioactive decay here on earth
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Kinematics alone provides strong rejection

LUX300u4_R8778H - TopPMTs, BotPMTs Must cross
: - (U 18.00, Th 17.00, K 30.00, Co 8.00 mBg/PMT )
Self-shielding (All Events) (5-25keVee)(RFR=5cm) log,  DRU full volume

1 without
Interacting again
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LUX work -10 .
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The LUX Detector

Thermosyphon

Coppershield

Top PMT array

Anode grid

PTFE reflector
panels and field

cage
Low-radioactivity

Titanium Cryostat

Cathode grid

370 kg total xenon mass

250 kg active liquid xenon
118 kg fiducial mass

Bottom PMT array
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LUX —the Instrument
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LUX — Supporting Systems

Xenon gas handling and sampling Thermosyphon  Xe storage and recovery
cryogenics

conduits
into
cold water

head tank

LUX Thermosyphon
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LUX installed in its water tank shield, a mile underground at SURF

=
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LUX Timeline

LUX fundedin 2008 by DOE and NSF

Above-ground laboratory completed at SURF in 2011
LUX assembled; above-ground commissioning runs completed

Underground laboratory completed at SURF in 2012.
LUX moves underground in July to its new home in the Davis cavern.

Detector cooldown and gas phase testing completed early February 2013
Xenon condensation completed mid February 2013

Detector commissioning completed April 2013

Initial (3-month) WIMP search. First results presented October 2013!

Full year-long WIMP search began in 2014. Result in 2016.
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LUX - Run Parameters Overview

Xenon Purity: electron drift length 87 —
135 cm during Run 3

_ Circulation at 250 kg / day 000 e —
— Monitored weekly using 83mMKr data 900k ................................... e 1111 ....... ,,,,,,,,,, Iﬂf ____________ o
Light collection efficiency: 14% SOOEIIIII JII """" JiIIj """"""
— Incl. geometry and PMT QE L A =

— 83™Kr data provides 3D corrections é GOO"T'”;”;”;”;'”_”'_";";";";”;”;";';';";";”;";”;";';';":;";”;”;”;';”'_
Drift field: 181 V/cm % GO0 i L .................... E ............. ...........
— Drift speed 1.51 = 0.01 mm / ms é 1000 - ___________________________________ __________________________ S J:i ............. ___________
_ ER discrimination 99.6% O I N e
Electron extraction efficiency: 64% 200F+ - ---------------------------------- -------------------------- R :i ------------- -----------
Fiducial mass: 118.3 £ 6.5 kg 100____S@bl?,d?t?qq_999@@ ......... O SR i ............. ...........
— Defined by background fromedges | - — . : o

— Measured with homogeneous ER
calibration data... 33™Kr, again!
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Typical Event in LUX

1.5 keV gamma ray scattering event
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Kr-83m Calibration

 Rb-83 produces Kr-83m when it decays; this krypton gas can then be flushed into the
LUX gas system to calibrate the detector as a function of position.

* Provides reliable, efficient, homogeneous calibration of both S1 and S2 signals, which
then decays away in a few hours, restoring low-background operation.

* Firstused inliquid nobles by the McKinsey group:
— see L. Kastens et al, Phys. Rev. C 80, 045809 (2009) and Journal of Instrumentation 5, P05006 (2010).

83mKy 76% 15% 9%
; Kr-83m source (Rb-83 coated on
18 18 IC
32.1 keV keV | [ keV' | auwer, charcoal, within xenon gas plumbing)
(183 h) 30 keV o | B xray
kev |O7
A 4 AT 2kgV
9.4 keV 7.6 keV
154
Sk Y = 1
Circulation .
Pump
/\ ‘IA
® >f< E. N Vacuum
Controller 83mKr Generator Pump
X e

L e JERT:
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Repeated, frequent use of Kr-83m

01 02 03 04 05 06 07 08 09 10 11 12 13 14
Day of July 2013
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Kr-83m Calibration

 Over 1 million Kr-83m events, spread uniformly through the detector.

Fiducial volume determination Position-based S1 corrections

2t
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Tritiated Methane Calibration

LUX uses tritiated methane, doped into the detector, to accurately calibrate the efficiency
of background rejection.

This beta source (endpointenergy 18 keV) allows electron recoil S2/S1 band calibration
with unprecedented accuracy

The tritiated methane is then fully removed by circulating the xenon through the getter

Parametrization of the electron recoil band from the high-statistics tritiated methane
data is then used to characterize the background model.

0 ‘et bt o ef%t 4 a0y s m epean el
R i A L YT TV '-” L S B
~x N T TS TS NP I e Tt
'.'. . J

drift time (us)

300 pgti e i e
0 100 200 300 400 500 600

radius squared (cm2)
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Tritium beta decay measured in both light and charge

1200
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Tritium combined energy spectrum

E=W(n,+n) =W (Sl + SQ)

£1 g2

= Data

——Tritium Beta
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Electron Recoil and Nuclear Recoil Bands

Tritium provides very high statistics electron recoil calibration (200 events/phe)
oration is consistent with NEST + simulations

Neutron cali

2

1.5}

log ; 0(szb/31 ) X,y,z corrected

2.5 %

r

(a) Tritium ER Calibration

<+

(b) AmBe and Cf-252 NR Calibration

0 10

20 30 40 50
S1 x,y,z corrected (phe)

Gray contoursindicate constant energies using a S1-S2 combined energy scale
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Light and Charge Yields in LUX

Modeled Using Noble Element Simulation Technique (NEST).
NEST based on canon of existing experimental data.
In firstresult, artificial cutoff in light and charge yields assumed below 3 keVnr,
to be conservative.
Includes predicted electric field quenching of light signal, to 77-82% of the zero field light yield

0.3 e ———r 1193
! LUX 2013
s 0231 161, | = Plante 2011
E : 3 R |- Horn 2011a
w02 {129 E |- Horn 2011b
0 ! “ < | = Manzur 2010
S .. E
S 0.5 197 =
© _ 2 NEST:
g . &
= 0.1 6.4 2
2 * .
= = Zero field
fg : < |—181 Vicm
0.05 1 3.2

1 10 100
nuclear recoil energy (keV)
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Height [cm]

Total Electron Recoil Event Rate <5 keVee

50
................................... 0 log10
45 evts/keVeelkg/day
118 kg 05
40 3.1+/-0. '
(0.5 dru
35 COSMOgEeNic -1
30 <18 cm 15
=7-47 cm
25
-2
20
15 \ 2.5
10 EEEssssEsEsEmEEEEEEES . _3

0 200 400 600
Squared radius [cmz]
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LUX High Energy Gamma Background in 220 kg

* Full gamma spectrum, excluding region +2 cm from top/bottom grids

10° ——
127 214 238
Xe 7 Pb (U 228, | 125
A/ %"‘Bi (mU)____,-----' Ac (**Th)
E 6OCO .-40K
1 20 232
© -1 2 - 238 BTI( Th)
= 10 “BITU) e
= | |
" Data
-
Q
X -2 . .
=~ 107 Full Simulation Model
©
107k

500 10'00 1 500 2000 2500 3000
Enerqy deposited [kevec]
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Background Summary for 118 kg Fiducial

* Average levels over period April-August WIMP Search Run

Background
Component

Source

1073 x
evts/keVee/kg/day

Gamma-rays

Internal Components
including PMTS (80%),
Cryostat, Teflon

18i0 ZstatiO.3sys

Cosmogenic
127% 4 half-
¢ (364 day ha 0.87 ->0.28 during | 0.50.02stat%0. Leys
life) un
214pp 222Rn 0.11-0.22(90% cL)
Reduced from
85K +0.
' 130 ppb to 3.5%1 ppt 0.1320.075s

Predicted Total 2.6%*0.2stat*0.4sys
Observed Total 3.1+0.2ctat
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Event & Cuts Summary: 85 live days

: Events
Cut Explanation .
Remaining
All Triggers S2 Trigger >99% for S2raw>200 phe 83,673,413
.- Cut periods of excursion for Xe Gas Pressure,

Detector Stability Xe Liguid Level, Grid Voltages 82,918,901
Single Scatter Events Identification of S1 and S2. Single Scatter cut. 6,585,686
g ) V4

Accept 2-30 phe

>1 energy (energy ~ 0.9-5.3 keVee, ~3-25 keVnr) 26’824
Accept 200-3300 phe (>8 extracted
electrons)

S2 energy Removes single electron / small S2 edge 20,989
events
Cutif >100 phe outside S1+S2 identified

S2 Single Electron Quiet Cut | +/-0.5 ms around trigger (0.8% dropin 19,796
livetime)

Drift Time Cut away from Cutting away from cathode and gate regions, 3731

grlds 60 < drift time < 324 us

Fiducial Volume radius and drift | Radius< 18 cm, 38 < drift time < 305 us, 160

cut

118 kg fiducial

D. McKinsey  Fermilab seminar
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log , O(Szb/S1 ) X,y,z corrected

2.6

2.4

2.2

LUX WIMP search data

il 160 events observed with 2 phe <S2 <30 phe
t 85.3 days X 118.3 kg = 10,090 kgedays

LR\, Profile likelihood analysis finds a p-value of 35% for
Wy Y the null hypothesis. 90% C.L. on N_signal range from 7
I N A 2.4 events (low mass) to,5.3 events (high mass)

10 20 30 40 50
S1 xyyuz-eorteciedtphe)
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drift time (us)

Fiducial Mass Cut — 118 kg

i | | | ate grid
] Qi_ . Qi. d _
| |
100+ : : _
R . heigh | | i
150 40.3 cm height | |
2001 jily -
O o C
| | | 12 15
2507 18 cm radius " o i% '% _
_ . . g g
300_ ___________________________________________ e
3501 | | | | | cathodelgrid i
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radius (cm2)
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Spin Independent Sensitivity Plots

\-- " ZEPLIN Il
—~ COMS1IGe
E )
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16‘ 162 10°

2
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top hit pattern:
X-y localization __—4
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® U _ s
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Neutron Conduit Installed in the LUX Water Tank - Fall 2012
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Adelphi DD108 Neutron Generator Installed Outside LUX Water Tank - Fall 2013

\ @ L8 . | _ar— Single Scatter (S1, 1xS2s > 100 phe)

0

50
I S - 2
y&.g a3
e 5
100
- 15
=150
o
E
£
o
200 1
250
LUX "
300 Preliminary

0 5 10 15 20 25 30 35 40 45
y' Distance into LXe (cm)

® Neutron generator/beam pipe assembly aligned

15.5 cm below liquid level in LUX active region to
maximize usable single / double scatters

® Beam leveled to ~1 degree

® 105.5 live hours of neutron tube data used for

‘ analysis
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Reconstructed Neutron Beam Event X-Y Positions

Complete Geantd4 LUXSim + NEST simulation of D-D neutron calibration

Single Scatter (S1, 1xS2s > 100 phe) 09,(tS)  Single Scatter (S1, 1xS2s > 100 phe) logq (cts)
25 25

3
20 25 ol LUX
Preliminary
15
12 25
2
10 10
- 3 {2
s 5 15 & "
° . T
q) m
20 0
3 E 415
Q
S s S 5
-
-10 -10 11
15 05
05
20 -20
) -25 '
2—%5 -20 -15 -10 -5 0 5 10 15 20 25 0 -20 -10 0 10 20 -

x corrected (cm) X corrected (cm)
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Nuclear Recoil Charge Yield Absolutely Measured Down to 0.7 keV in LUX

Ionization Yield [electrons / keVpra]

[W—
O
[—

[—
)
o

\ \ \ [ 4 u o El o B u
Systematic uncertainty due to position

reconstruction energy blaS correction
. Aprile 2013 (XENONI100) - 053 kV/cm
" Sorensen 2010 (XENON10) - 0.73 kV/cm
| Hom 2011 (ZEPLIN-III combined FSR & SSR) - average of 3.6 KV
v Aprile 2006 - 0.3 kV/cm
 Aprile 2006 - 0.1 kV/cm
o Manzur 2010 - 1 kEV/cm
o Manzur 2010 - 4 EV/cm
-- LUX model: Lindhard (k = 0.174) + biex. quenching
—Alt. LUX model: Ziegler stopping power + biex. quenching
+4+LUXD-D Qv at 180 V/iem

s Sys. uncertainty due to neutron source spectrum

I Sys. uncertainty due to S2 signal corrections and g2

10° 10° 10°
Energy [keVnral
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Nuclear Recoil Light Yield Measured in LUX Using Absolute Energy Scale, Down to 1.08 keV
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Charge and Light Yields for Nuclear Recoills,

Measured Using DD Neutron Calibration in LUX

Charge Yield

Light Yield

WIMP signal efficiency
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Improvements in 2015 Reanalysis

New algorithm:S1is ‘photons detected’ instead of total S1
area. At lowest energies, simply an integer count of PMT
hits.

Better Energy Calibration: detector-specificgain factors gl =
0.117 £ 0.003 phd/photonandg2 = 12.1 + 0.8 phd/electron
are measuredin situ

Both PMT arrays used to estimate S2 size (compareto
bottom-only for 2013 analysis).

Improvements to the gamma-ray background model to
better reproduce ER spatial distribution.

New NR Calibration, with a new lower energy threshold of
1.1 keVy,

Calibrated likelihood of 2 phe from 1 VUV photon, in situ
(~20%)

Effects of electric field non-uniformity near detector edges
corrected using 83™Kr data

D. McKinsey  Fermilab seminar
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Precise Detector Efficiencies and Gains

‘Doke plot’ analysis:

Electron recoils all start with the same [excitation:ionization] ratio.
Energy-dependent recombination then moves quanta from one category to the other, 1-to-1.
We leverage this 1-to-1 correspondence of quanta, and fit for signal-per-quanta.

s " lg— | SI/E= 2 x &
2 AGO 4 - (ny+ne) " W
=< % %, W=13.7eV
6.0t P % : n
i 2 S2/E = —= _ x &2
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) ol 127 |
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127 @ 129m % — — | =22 ) - — el
§ 5 0L 236 keV cray | E W E o
= 127 y o — 53 keV
Q. 409keV Q /
= %, © result:
w 45 %6//,)‘1« _
~— 214 gj Py _
%)) 605 gy % (S1) [phd] =[0.1167 + 0.003] ny
"Cs
4.0 662 keV y (S2) [phd] =[12.05 +0.83 ]ne
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S2/E [photons detected /keV]
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Electron Recoil / Nuclear Recoil Discrimination
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Increased Fiducial Size and Detector Exposure

. Additional 10 live-days of data incorporated into analysis

Expanded fiducial volume enabled by modeling of background wall events
2013: radius= 18 cm, fiducial mass= 118 kg
2015: radius = 20 cm, fiducial mass = 145 kg

Overall 40% increase in
detector exposure

Allowed range of S1 and S2 sizes: 1 phd <S1 <50 phd, S2 > 150 phd

4 _I LI I | L | | l‘ I | I | L I | l I. L L l | l | l—
_ | |
~ Q B N B Py — » ‘..:: ..: e .7-0. ;.:.:o'_:
35— 42 , TN I PP e WL 7y
— | 5 s - 0 {:.,;'.‘ga..}- "',""“'::,"" - pt"_\?‘, :q:- .'.,: ’...: 2 .'% .
R R e RS- e, AT S A “ ...~ 9 991 events observed;
- e F :.::;"_0... . S o ".- ':. :. e ." s 2= : . l .
= P et T 1 989 events predicted by
D[ v e ' —
L . -+ background model
S o
o [ oS i
2.5 -
’) _I 1 | | L1 1 1 I | I | I L1 1 1 I L1 1 | I L1 1 | | I I | | | I I | | | I I | | L1 1 I—
-0 d 10 15 20 25 30 35 40 45 50

S1 (phd) D. McKinsey
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Improvements to Background Model

R vs. S2 of Wall BG

. Predominant background: low-energy ER )
from detector components + contaminants ‘g;”

r<18cm

(8°Kr, Rn-daughters) in the Xe "
. Two main improvements: 34 LUx
_ , 2 First
. More detailed modeling of detector of - Analysis
construction components Lo ducial
. Wall events (e.g. 222Rn - 296Pp absorbed  *°
into PTFE) empirically modeled 24182 > 200 phd
2.
?61 l117l

r/’cm

. Subdominantbackgrounds, notincludedin the model:
Expected neutron backgroundusingrevised cuts: 0.08 = 0.01 NR events

. S1+S2 coincidence: 1.1 total events

. 8B solar neutrino scattering: 0.10 total events
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Profile Likelihood Ratio in [r, z, S1, logS2]

« Both ER and NR response is precisely calibrated, so PLR model uncertainties are small.
 Dominantdetector response uncertaintiesincluded,
but have minimal effect on limits (<20% at all masses)

Exposure Events Example WIMP Model
Y e —— ™ 1~ I o o
7 [T v oz : :
%100 i L ._.._',:...“:| | %100 P Parameter Constraint Fit value
Eob ol vy I , 5 £ g § Lindhard k 0.174 + 0.006 -
€ Poounesnin 11| £ 13| 82 gain ratio: gapn/g2ws 0.94+£004 .
300...-_——-__._‘_,_“5_ --“mw_ 300 - 0 Low-z-0rigin y counts: iy, bottom 172 + 74 165 + 16
0 200, 400 600 0 200 400 600
radius® [cm?] radius® [cm?] ® Other v counts: fy rest 247 £ 106 228 £19
Ve .- -. ;;" P ‘ my =33 GeV/ic2 . 'g B counts: pup 59 + 22 84 +15
& .H’wv’f *%:-:?‘mr* 5 5 co O *"Xe counts: prxe-127 91 + 27 78 + 12
Q. ,*'«:3’:“{!» Ay % o < 3TAr counts: piay-37 - 12+ 8
8 |7 8! S Wall counts: pyan 2447 22 + 4
K S1 [(ifétezéteés ptslootoafr‘ls]‘0 v B [d1<sete§:0ted25 phaco)tosr‘is] ve
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WIMP—nucleon cross section ( zb )

LUX 2015 WIMP-Nucleon Interaction Limit

-40

310

Rt |

|
NN
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lllll
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L 4 L ' | ——
1 2

10 5
(GeV/c™)

Moy

WIMP-—nucleon cross section ( cm 2 )

Improved sensitivity to low-
mass WIMPs over LUX 2013
result

Minimum kinematically-
accessible mass 3.3 GeV
(compareto 5.2 GeV)

23% improvementin limit
for high-mass WIMPs

New minimum spin-independent cross section limit:
6 X 10*5 cm? (0.6 zb) for 33-GeV WIMPs

LUX 2015 reanalysis paper: arXiv:1512.03506
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LUX-ZEPLIN




N

32 institutions currently
About 200 people

Center for Underground Physics (Korea)
LIP Coimbra (Portugal)

MEPhI (Russia)

Edinburgh University (UK)

University of Liverpool (UK)

Imperial College London (UK)

University College London (UK)

University of Oxford (UK)

STFC Rutherford Appleton and Daresbury Laboratories (UK)
University of Sheffield (UK)

LZ = LUX + ZEPLIN

University of Alabama

University at Albany SUNY

Berkeley Lab (LBNL)

University of California, Berkeley
Brookhaven National Laboratory

Brown University

University of California, Davis

Fermi National Accelerator Laboratory
Kavli Institute for Particle Astrophysics & Cosmology
Lawrence Livermore National Laboratory
University of Maryland

University of Michigan

Northwestern University

University of Rochester

University of California, Santa Barbara

University of South Dakota

South Dakota School of Mines & Technology
South Dakota Science and Technology Authority
SLAC National Accelerator Laboratory

Texas A&M

Washington University

University of Wisconsin

Yale University



Scale Up = 50 in Fiducial Mass

LZ

Totalmass-10T
WIMP Active Mass -7 T
WIMP Fiducial Mass-56 T

- T

~ D.McKinsey  Fermilab seminar

o 5



LZ Detector Overview

IN

Instrumentation conduits _=

= - —
=R b ;

Cathode
high voltage
feedthrough Existing
water tank
Gadolinium-loaded

liquid scintillator veto

Liquid Xe
heat
Outer exchanger
detector
PMTs

7 tonne active volume
liquid Xe TPC. 10 tonnes total
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“In Xenon Profiteer, you use your entrepreneurial spirit and an
Air Separation facility to isolate valuable Xenon and make a profit.”

T.C. Petty lII's

\

<A\
. At

“Xenon Profiteer is a highly thematic,
deck-deconstruction, euro game for 2-4
entrepreneurs in which each player takes
control of their own Air Separation Facility
and distills Xenon from their Systems to
complete lucrative contracts. You will also
physically expand your facility by building
upgrades, pipelines, and acquiring new
contracts and connecting them to your
Center Console.”

<O 24

A
M
4

- = P e g BEG

Gryphon and Eagle Games
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Key Design Points

7 active tonnes of LXe can yield 2 x 10*® cm? sensitivity in about
three years of running

e 5.6 tonne fiducial volume, 1000 days

* Requires all detector systems working together

— Xe detector with good light collection, reasonable background rejection
(ER discrimination) and good signal detection efficiency

— Sophisticated veto system: skin (outside active Xe region) +
scintillator/water allows maximum fiducial volume to be obtained,

maximizes use of Xe and substantially increases reliability of background
measurements

— Control backgrounds, both internal (within the Xe) and external from
detector components/environment

D. McKinsey  Fermilab seminar
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Design Status Summary

* Conceptual, and in some cases more advanced
design, completed for all aspects of detector

* Conceptual Design Report can be viewed on arXiv
* Acquisition of Xenon started
* Procurement of PMTs and cryostat started

* Collaboration —wide prototype program underway to
guide and validate design

* Backgrounds modeling and validation well underway
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Xe TPC Detector
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High Voltage Studies

Prototype of highest E-field
region tested in LAr

Wire grid tests ongoing
AL, | s, VoWt LZ cathode nominal operating goal: 100 kV (~ 700 V/cm)
N2 A, ESaayaa ¢ Feedthrough prototype tested to 200 kv
5 ,j‘ y /& [ | 4 Prototype TPC for 100 kg LXe system being tested at SLAC
: "N 4 HV prototyping expanding at Berkeley

4 Wire electron emission studies at Imperial
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Extensive Calibration

* LUX has led the way to detailed calibrations. LZ will build on this
and do more.

Done in LUX and will be done in LZ Not done in LUX, but will do in LZ
83mKr (routine, roughly weekly) Activated Xe (}?°™Xe and 131mXe)
Tritiated methane (every few months) 220Rn

External radioisotope neutron sources AmLi

External radioisotope gamma sources YBe

DD neutron generator(upgraded early
next year to shorten pulse)

D. McKinsey  Fermilab seminar 67



Cryostat Vessels

UK responsibility
Low background Ti chosen as cryostat material

5-ton Ti slab for all vessels (and other parts)
received and assayed

Contributes < 0.05 NR+ER counts in fiducial
volume in 1,000 days after cuts
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Z [cm]

140

How to maximize the WIMP target mass?

Two-component outer detector: )
— 0.75 m thick Gd-loaded scintillator in-situ monitoring of residual
— instrumented Xenon “skin” > backgrounds!!!
— tag neutrons and gammas
J
Xe-TPC Only Xe-TPC + “skin” TPC + skin + Gd-scint.

e .

- 14107
120 l : :
100 'L ; é 107
3 Fiducial . Fiducial ' Fiducial 1q,..8
M Mass:3.3T 8% Mass:4.2T :'s Mass:5.6T : 2
40 - : 10°°
20 : :
- 1077
0
0 2000 4000 2000 4000 2000 4000 107
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LZ Projected Backgrounds

Expected backgrounds for 5.6 T fiducial - 1,000 days

ER NR

(R11410PMTs
R11410 bases 2.7 74.6 29.1 3.6 109.2 77 0.17 | 0.03
Cryostat vessels 2,140 0.09 0.23 ~0 0.54 213 0.86 | 0.02
OD PMTs 122 1,507 1,065 ~0 3,900 20,850 | 0.08 | 0.02
Other components - - - - - 602 9.5 | 0.05

I Total components ] 119 [0.32
Dispersed radionuclides (Rn, Kr, Ar) 54.8 -
136Xe 2vBB 53.8 -
Neutrinos (v-e, v-A) 271 | 0.5
Total events 391.5 | 0.82
WIMP background events 196 | 0.41
(99.5% ER discrimination, 50% NR acceptance)
Total ER+NR background events 2.37
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Projected Sensitivity — Spin Independent

(LZ 5.6 Tonnes, 1000 live days, 6 keV,,, analysis threshold)
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log, (o) [Pb]

Sensitivity with SUSY Theories
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Neutrino Physics with LZ

* Neutrinoless Double Beta Decay of 136Xe
— Use self-shielding to reduce gamma-ray backgroundsin a 1-2 tonne fiducial mass
— Projected sensitivity: 90% confidence level T°7; , of 2 x 10%® years
— Enriching the Xe target could increase this to ~ 2 x 10%’ years
— Current limit is 2.6 x 10%°years (preliminary) from KamLAND-Zen

e External Neutrino Physics

— Solar neutrinos

* Expectabout 850 pp neutrino events between 1.5 and 20 keV,,
— Supernova neutrinos

* Via flavor-blind coherent neutrino-nucleus scattering

* Fora 10 kpc SN, LZ would see about50 events with energy > 6 keV,,. and 100 events > 3 keV,,
— Sterile neutrinos

e Coulduse a5 MCi>1Crsourcenear LZ

* Excellent position reconstruction for better source normalization, higher sterile neutrino
masses.

— Neutrino magnetic moment
* Sensitivity near astrophysical limit of 2 x 1012 Bohr magnetons.

D. McKinsey  Fermilab seminar
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What 1s Ov33?

€ e
R 136Xe — 136Bat* + 2e-
) N
\ |
(Z,A) (Z+2,A) / \\ e 1o nne
® Happens only if the ve is its / ‘\\
own anti-particle (Majorana Vo
particle)

® Discovery implies

Figure from Annu Re\f Nucl.
Part. Sc1. 2002. 52:115-51 O B[S

® existence of Majorana ® Slgnal: mono-
particles energetic, single

® lepton number violation site Qeak at 2458

® B-L violation

keV
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Keys to Sensitivity

® [arge mass of isotope

® To measure > 10% year half-life, need > 10% particles

® [ow-background at Q-value

® Signal 1s small compared to typical ambient
radioactivity

® Energy resolution at Q-value

® Multiple scatter rejection

® Main backgrounds are gamma which prefer to
Compton scatter or pair-produce

D. McKinsey  Fermilab seminar
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Ovpp In LZ

7 tons of active xenon => 620 kg 13Xe (8.9% of
natural Xe)

Very low backgrounds
Low-gain DAQ channel for dynamic range

Use tight fiducial cut (> 2 tons) to reduce
backgrounds

Xe TPCs have strong multiple scatter rejection
capabilities (Compton scatters and pair-production
dominate for > 1 MeV gammas)

Punchline: with NO ADDITIONAL UPGRADES
LZ can be a competitive search for Ov(3
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Y

_— .

4 Energy Resolution (o/E)

* EXO-200 experiment: 1.5% (@ 2.458
MeV, noise dominated)

* PiXeY detector: 0.8% (@ 2.615 MeV)
* MiX detector: 1.0% (@ 1.33 MeV)

* | Z Requirement R-150004: 2.0% @ 2.5
MeV
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Backgrounds

 Main background comes
from Xe vessels and
insulation

* Background from from
vessel dominate

e Tableis for 2-ton

exposure, + 2 O window
for 1000 days

—NOT using optimized
fiducial volume

D. McKinsey
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Counts / 1000 days / 2 tons / 10 keV

Item 1.0% o/E
TPCPMTs <.01
Skin PMTs <.01

Xe Vessels 2.5
Vessel Seals < .01
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=)
72 Sensitivity

Neutrino parameters: Forero et al. 1205.5254, 95%CL.

10°

o/E 1.0% 1.5% 2.0%

EXO-200/KamLAND Z

4.0X10%° 2.5X10% 1.8 X10%
years years years

Half-life

Neutrino 35-110 45-140 60-160
mass meV meV meV

Limits based on Feldman-
Cousins cut-and-count analysis
on an optimized fiducial
volume (for each scenario)

10°° 10° v 10" 10
mli_qhtest [e ]
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Year
2012

2013
2014
2015

2016
2017
2018
2020

LZ Timeline (latest following budget reprofiling)

Month
March

May
September
November
July

April

April
June

July
Jan

Activity

First Collaborat
DOE CD-0 for G

DOE CD-1/3a a
Begin long-leac

 Z (LUX-ZEPLIN) collaboration formed

lon Meeting
2 dark matter experiments

 Z R&D report submitted
|7 Project selected in US and UK

oproval, similar in UK
procurements(Xe, PMT, cryostat)

DOE CD-2/3b a

oproval, baseline, all fab starts

Begin preparations for surface assembly @ SURF
Begin underground installation

Cooldown/start of commissioning



Conclusions

LXe is the pre-eminent target for WIMPs of mass > 4 GeV.
New LUX analysis reaches a 90% exclusion limit of 6x10%¢ cm?

The LXe 2-phase approach benefits from continued improvements
in calibration techniques and understanding of background.

The LZ Project is well underway, with procurement of Xe, PMTs
and cryostat vessels started

LZ commissioning to begin in 2019
Extensive prototype program underway

LZ sensitivity expected to reach 1-2x1048 cm?
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Who has seen the WIMP?
Neither | nor you.

But when the liquid xenon flashes in the time projection chamber
Dark Matter is passing through.

DM and Eva Allan

(with apologies to Christina Rossetti)
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Tritiated Methane injection system

Pump Out Port

Expansion VVolumes
/ / j \ To LUX De)tector

Particle Filter

From LUX Purifier
>

Flow Meter Methane

¥ Purifier

Pressure Gauge

Tritiated Methane Bottle
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Recombination and Light Yield
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Total Quanta (electrons +photons) for electron
recoils in LXe

1200 " Total Quanta _'

1000
©
=
C 800+ -
8 Photons
S 600 +
)
-g Electrons
2 400 +

200 | My
0

O 2 4 6 8 10 12 14 16 18
Energy (keV)
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Why High Cathode Voltage?

Higher cathode voltage means higher drift field, and more charge extracted from tracks.
Higher drift field means better electron recoil discrimination, by suppressing recombination and

thereby better isolating the ionization/atomicexcitation ratio, which is different for electron and
nuclear recoils.

In LUX we see 99.6% discrimination at 181/cm.

Higher drift field is expected to improve discrimination, reducing backgrounds from pp-solar
neutrinos, Kr-85, Rn daughters, and gamma rays.

1 T

25/ & -

(a) Tritium ER Calibration

1.5}

-4

(b) AmBe and Cf-252 NR Calibration

log, 0(82b/S1 ) X,y,z corrected

0 10 20 30 40 50
S1 x,y,z corrected (phe)



PIXeY — Particle Identification in Xenon at Yale

=  Currently supported by DHS Academic Research
Instrumentation program: S400k/year.
» Two-phase Xe detector; 4 kg active xenon volume.
= Designed for optimal light collection and strong drift field.
= Currently operating at Yale.
= R&D platform for studying
= Gamma-neutron (a.k.a. beta-WIMP) discrimination
= Energy resolution (relevant for neutrinoless DBD)
= Calibration with gaseous sources
=  Gamma ray imaging
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Half-life Limit (Years)

» After 3 years of operation, half-life limit is 1.99 x 10%° years

LZ Expected Performance Over 3 years
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LUX has made a WIMP Search run of 86 live-days and released the analysis + PRL submission within9

Conclusion

months of first coolingin Davis Lab

Backgrounds as expected, inner fiducial ER rate <2 events/day in region of interest

Major advances in calibration techniques including 83™Kr and Tritiated-CH4 injected directly into Xe target
Very low energy threshold achieved 3 keVnr with no ambiguous/leakage events

ER rejection shown to be 99.6+/-0.1% in energy range of interest

Intermediate and High Mass WIMPs
Extended sensitivity over existing experiments by x3 at 35 GeV and x2 at 1000 GeV

Low Mass WIMP Favored Hypotheses ruled out
LUX WIMP Sensitivity 20x better than XENON100
LUX does not observe 6-10 GeV WIMPs hinted at by earlier experiments

More LUX analyses underway or under consideration

In situ calibration using a monoenergetic neutron beam

Improved limits at low WIMP mass, using new calibration data

Impact of LUX data on other WIMP interaction models (spin-dependent, plus larger set of operators)
Solar and galactic axion searches

Neutrino magnetic moment search

Etc... (anything that benefits from low background + low threshold)

The LZ Detector is being designed

Projected sensitivity 1000 times better than LUX
Will replace LUX in the Davis cavern water tank
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Simulated WIMP Signals for 85 days, 118 kg

* Pick a mass of 1000 GeV and cross section at the existing XENON100
90% CL Sensitivity 1.9 x 10** cm? - Would expect 9 WIMPs in LUX Search

25— -2

Conservatively _L._ _ Probability Density Function

dssume no for WIMP Signal. 2o
signal 2 : -

generated for —
recoils < 3 keVnr

)
to reflect lowest  § | . | 35
energy for s
which NR g
calibration is B
available. !
-4.5
0.5— — -5

0 5 10 15 20 25
1c (phe)

PDF assumes Standard Milky Way Hafo parameters as described in Savage, Freese,
Gondolo (2006) vo=220 km/s, Vescape = 544 km/s, po = 0.3 GeV/c?, Vearth = 245 km/s
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And it continues to get quieter - Xe Cosmogenic Activity cools (rate in 44 days)

log , Oa;DRU B84

D
&)

()}
o

Height [cm]
N
(&)

Squared radius [cm2]
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Simulated WIMP Signals for 85 days, 118 kg

e At a mass of 8.6 GeV and cross section favored CDMS 11 Si (2012) cross
section 2.0 x 10* cm? - Expect 1550 WIMPs in LUX Search

25— e — 7 —— . -2
) Note how WIMP distribution
- appear below the calibration NR 29
21 .
= 1~
Conservatively—3 | -
a.ssume no S5 MEERENS— 000 T T--.___ {-3.5
signal e _
generated for 8 L= T b L P
recoils < 3 keVnr . 4
B 3 o - - .
to reflect lowest 'I... the shift dcclrs because for a given S2 value
energy for the S1 is more likely to have up-fluctuated in 43
which NR order to appear above threshold
calibration is 0.5— 5
. 0 5 10 15 20 25
available. S1c (phe)

The shift in the WIMP PDF downwards improves the effective ER event leakage fraction
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\

\

o ‘\ electron recoil band defined by
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-

W\ N less charge
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WIMP Mass 7 GeV Limit

% - + Observed CLs+b
g_ 1_ + Observed CLb
-1 | emaaa Expected CLs+b - Median
0.8 B - Expected CLs+b + 10
: Expected CLs+b + 2
0.6
= 90% CL at # signal events line
04l connecting red dots crosses 10%
T (Frequentist)
i About 2.4 events
0.2
O I I I | | Y I | A 4 | * I |
0 1 2 3 4 5 6 7 8 9
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127Xe Electron Capture - Simulation

e x-ray line emission in center of detector following full escape of gamma
associated with nuclear excited state

3 T . . 0.5
Probability Density Function
-1
.. 1keVee
| -1.5
& 36.4 d .
§ 112—9*2
3 127y o =~ - -2
AN = . Ty
g & cc ° o keVee 25
15ps 32+ Q4 &{5’ \% 618.31 0.0142% 7.4 R =
o & o -
N B 4 N“‘& g" e s
31 ps 12* NV ¥ & 374.992 47.3% 6.2 -
B o g1 =
0.387 ns .32* 1S ‘04" 202860 52.7% 6.6 - 35
72+ ~ 57.608
iy SR :
127| 1 -4
53
0.2 keVee 45
0.5 -5
0 5 10 15 20 25 30 35 40

S1c (phe)
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Time Evolution
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XYZ Position Reconstruction

Z coordinateis determined by the time between S1 and S2
(electron drift speed of 1.51 mm/microsecond)

Light Response Functions (LRFs) are found by iterativelyfitting the distribution
of S2 signal for each PMT.

XY positionis determined by fitting the S2 hit pattern relative to the LRFs.

Reconstruction of XY from alpha events near the anode grid resolves grid wires with 5 mm pitch.
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LUX WIMP Search Summary
(or, how did you spend your summer?)

e April 21 - August 8, 2013 - 110 calendar days
— 85.3 live days of WIMP Search
— 118.3+/-6.5 kg fiducial mass

e Calibrations

— Frequent injected 83™Kr calibration to correct for any S1 or S2 gain shifts
— AmBe&Cf calibrations+Sims to define NR band
— Injected Tritiated Methane defines full ER band at all relevant energies

* Efficiency

— Efficiency for WIMP event detection was studied using data from calibration
sets using multiple techniques and all were all shown to be consistent with
one another
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LUX WIMP Search Summary /2

e Data Analysis and Blinding

— The Xe Target inner,fiducial volumeis very simple, it sits inside a larger volume of Xe
with only a “virtual ™ surface dividingthem

* Modelingof extrinsicand intrinsicbackground signalsin large monolithic Xe volume has low systematics

— No blindingwas imposed for the first WIMP data analysis
* We aimed to apply minimum set of cuts in orderto reduce any tuning of event cuts/acceptance.
* The cuts listis very short ...

— Fiducial Volume was selected based on requirementto keep low energy events from
grid and teflon surface out of WS data. Primarily alpha-decay events.

* Low energy alpha-parent nuclear recoil events generate small S2 + S1 events. Studies position
reconstruction resolution. Tested using data outside WIMP search S1 energy range. This ensured that
position reconstruction for sets were similar, and definition of fiducial was not biased.

— Use of Profile Likelihood Ratio (PLR) analysis means we don’ t have to draw acceptance
boxes

* Thisavoids potential biasin data analysis from selectingregionsin S1,5S2 signal-space

— Inputs for Profile Likelihood Ratio analysis were developed using high statistics in situ
calibrations, with some simulations to cross check
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NR Calibrations

2 0.4
s —— NEST Prediction . —— NEST Prediction
1.9} % —— Simulation 0.35} ~—— Simulation
: Mean — Data _F Width — Data
g 18 2 03f
& & F
:2, 171 8025}
én( o 02 |
A @ ok I ]
- 6 -
s F = f | b |
8 1.5f £0.15} ]
8 F E [
g 14f £ 0.1
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“0 10 15 20 25 30 0 5 10 15 20 25
S1 (phe) S1 (phe)

Above plots show comparisons between simulation (blue), the NEST
prediction (black), and data for the mean and width of the nuclear recoil band
from AmBe calibrations

The mean and width are different in the calibrations because the data contain
ER contamination and neutron-X events, which are modeled well by the
simulation
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counts / kg / day

Cosmogenic Isotopes Decaying

* 127Xe Decay vs Time

131mXe Decay vs Time
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differential rate
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Extra Slides
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LZ Underground at SURF

Years of experience at SURF from LUX

Control room

LN storageroom

LZ detectorinside
water tank

Xenon storage
room
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3>Kr Removal and Screening

* Remove Kr to <15 ppqg (101> g/g) using gas chromatography.
Best LUX batch 200 ppq
* Setting up to process 200 kg/day at SLAC

* Have a sampling program to instantly assay the removal at SLAC and
continuously assay in situ

——N




E Backgrounds Near 2458 keV

=
/

e 219Bj from 238U chain: one
line at 2448 keV (1.5%
branching ratio)

0\0 A
o 208T| decay from #32Th r\f? Cb\ig’
chain: 2615 keV line ,\,v"‘
(~100% branching ratio) y

238 | ey 234 T el s — 214pb 214pq
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/4 Important Backgrounds

* Internal radon not a concern:

—2448 keV line comes with a beta => self-
vetoing

—Can veto **Bi decays with “**Po coincidence

(164 ps half-life) v\i? N
NG y

« 2vBB, ®B v, p-induced backgrounds all small AP
a
238 ) m———pp 234Th — ... . e 214D
AR@s
>0 Qo
V)) 5
1,
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Xe Detector PMTs

e R11410-22 3” PMTs for TPC region

— Extensive development program, 50 tubes in hand, benefit from
similar development for XENON, PANDA-X and RED

— Materials ordered and radioassays started prior to fabrication.

— First production tubes early 2016.
— Joint US and UK effort

 R8520-406 1” for skin region

— Considering using 2” or 3” for bottom dome region, recycle tubes
from older detectors
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Xe Detector Prototyping

* Extensive program of prototype development underway
* Three general approaches

— Testing in liquid argon, primarily of HV elements, at Yale and soon at LBNL

— Design choice and validation in small (few kg) LXe test chambers in many
locations: LLNL, Yale-> UC Berkeley, LBNL, U Michigan, UC Davis, Imperial
College, MEPhI

— System test platform at SLAC, Phase | about 100 kg of LXe, TPC prototype
testing to begin in few months
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Outer Detector

e Essential to utilize most Xe,
maximize fiducial volume

| P Displacer

* Segmented tanks — installation
constraints (shaft, water tank)

 Gadolinium - loaded
scintillator, LAB, OK
underground

* Daya Bay legacy, scintillator &
ta n kS ( a n d p e O p | e ) Layout ofthe LZ outer detector system, which consists of nine acrylic tanks. The

largest are the four quarter-tanks on the sides. Two tanks cover the top, and three
the bottom. The exploded view on theright shows the displacer cylinders placed

o Ad Va n Ce d CO n Ce pt u a | d e S ig n between the acrylic vessels and the cryostat.
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LZ Calibrations

 Demonstrated in LUX. Calibrate The Signal and Background Model in situ.
DD Neutron Generator (Nuclear Recoils)

e Tritiated Methane (Electron Recoils)

e Additional Sourcese.g. YBe Source for low energy (Nuclear Recoils)

Tritium Beta Spectrum Measured in LUX

——Data
- =Tritium Beta|

T Beta+aE

5000
4500
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;%‘;3500
g 3000

Monochromatic o
2.5 MeV neutrons e Outgoing ‘bc" 2500

Particle 8 2000 -
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Particle

1000 -
500 -
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Electronics/DAQ

* LUXlegacy, augmented by 32 channel digitizer prototype
experienced new groups s o
(primarily DAQ, controls) T e

1
J

“
)
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* Prototyping underway, will
lead to full — chain test of key
elements by end of year
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Integration/Installation

e Surface assembly of TPCinto inner
cryostat

* LUX experience at SURF

e Dedicated on —site infrastructure

improvements for LZ. Design started,
construction

Existing
surface clean
room

Radon-removal
system in

exterior steel
building

Detector inner
vessel supported
by floor at level -1

—_— -

f
I
/
f
|
)
]
f
h |
I
f
f
I
|
)
I
f
. |
/
|
I
|
f
f
| |
4 { A
4 {
‘ N
\
\x
~ \
C 9
N
\
\-.

D dvipKins

$2 - TPC REVERSE FIELD CAGE ASSY

S1 - PMT ARRAYS - UPPER & LOWER

$3 - TPC FULL FIELD CAGE ASSY
 withWER

$5 - FULL TPC with TUBES
CABLES NOT SHOWN

$4 - FULL TPC with SUPPORT RODS

"/ Vg ;
ayck Fermilab seminag . 1pc in INNER VESSELBOTTOM  $7 - LID OVER INNER VESSEL S8 - COMPLETE AssY with dibéks

IN TOP HATS



Sensitivity with Competition
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Response of Xe to Neutrinos arxiv:1307:s4s8
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Spin Dependent Neutron
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Spin Dependent Proton

log, (65°) [pb]
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Time Evolution
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Running Time

—
o

° Sens|t|v|ty VS. running L éRreJ ..... r—£l991°/ ...... =
time. N —— ERrej. = 99.5% (Baseline) ]

ER rej. =99.8%
ER rej. =99.9%

* 1,000 days is the nominal.

* Baseline backgrounds

* Rapid improvement in

A
LI |

sensitivity

Sensitivity @ 90% CL [10™® cm?]

* Potential to eventually get
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to~1x10™°cm T S e —h
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